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CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Application No. 60/471,916, 
filed May 20, 2003, U.S. Provisional Application No. 60/488,677, filed July 18, 2003, and U.S. 
Provisional Application No. 60/560,779, filed April 8, 2004, which applications are 
incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention provides group II- VI semiconductor devices and methods of 
fabrication. 

[0003] As used herein, the group II- VI semiconductor devices include devices fabricated 
from group II-VI semiconductor compounds which include group EI elements selected from 
zinc, cadmium, the alkaline earth metals such as beryllium, magnesium calcium, strontium, and 
barium, and mixtures thereof, and group VI elements selected from oxygen, sulfur, selenium, 
tellurium, and mixtures thereof. The group II-VI semiconductor compounds may be doped with 
one or more p-type dopant. Such p-type dopants include, but are not limited to, nitrogen, 
phosphorus, arsenic, antimony, bismuth, copper, chalcogenides of the foregoing, and mixtures 
thereof. Zinc oxide and zinc sulfide are two presently preferred group II-VI semiconductor 
compounds. 

[0004] Zinc oxide (ZnO) and zinc sulfide are wide band gap semiconductors with potential 
for use in electrically excited devices such as light emitting devices (LEDs), laser diodes (LDs), 
field effect transistors (FETs), photodetectors operating in the ultraviolet and at blue 
wavelengths of the visible spectrum, and other similar devices. Gallium nitride (GaN) is 
becoming more commonly used as a semiconductor material for the electronic devices 
mentioned above. 

[0005] Zinc oxide has several advantages over GaN. For instance, ZnO has a significantly 
larger exciton binding energy than GaN, which suggests that ZnO-based lasers should have 
more efficient optical emission and detection. Zinc oxide drift mobility saturates at higher 
fields and higher values than GaN, potentially leading to higher frequency device performance. 
The cost and ease of manufacture of zinc oxide is attractive when compared to other common 
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semiconductor materials. Zinc oxide has superior radiation-resistance (2 MeV at 1.2 x 10 17 
electrons/cm 2 ) compared to GaN, which is desirable for radiation hardened electronics. Zinc 
oxide has high thermal conductivity (0.54 W/cmK). Zinc oxide has strong two-photon 
absorption with high damage thresholds, rendering it ideal for optical power limiting devices. 
Unlike GaN, zinc oxide does not form polytypes or crystal lattice stacking irregularities. 
[0006] N-type zinc oxide semiconductor materials are known and relatively easy to prepare, 
such as ZnO doped with aluminum, gallium, or other known n-type dopants. P-type zinc oxide 
semiconductor materials are theoretically possible, but have been difficult to prepare. D.C. 
Look et aL, "The Future of ZnO Light Emitters," Phys. Stat. Sol., 2004, summarize data on p- 
type ZnO samples reported in the literature. The best reported ZnO samples have resistivity 
values of 0.5 ohm-cm (N/Ga dopants) and 0.6 ohm-cm (P dopant). Many of the reported p-type 
zinc oxide samples tend to be light, heat, oxygen, and moisture sensitive. Some convert to n- 
type material over time. Their stability has been questioned. Some of the more-stable p-type 
zinc oxide materials reported in the literature are prepared using complex and expensive 
fabrication processes, such as molecular beam epitaxy. No commercially viable p-type zinc 
oxide semiconductor materials are currently known. Therefore, it would be an advancement in 
the art to provide commercially viable p-type zinc oxide semiconductor materials. More 
particularly, it would be an advancement in the art to provide commercially viable p-type group 
II-VI semiconductor materials which may be used to prepare group II- VI semiconductor 
devices. 

BRIEF SUMMARY OF THE INVENTION 

[0007] The present invention is drawn to semiconductor devices that contain group II-VI 
semiconductor materials. The devices may include a p-n junction containing a p-type group II- 
VI semiconductor material and an n-type semiconductor material. The p-type group II-VI 
semiconductor includes single crystal group II-VI semiconductors containing atoms of group II 
elements, atoms of group VI elements, and one or more p-type dopants. The p-type dopant 
concentration is greater than about 10 16 atoms-cm' 3 , the semiconductor resistivity is less than 
about 0.5 ohm-cm, and the carrier mobility is greater than about 0.1 cm 2 /V-s. The 
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semiconductor devices may include light emitting diodes, laser diodes, field effect transistors, 
and photodetectors. 

[0008] The group II elements include, but are not limited to, zinc, cadmium, alkaline earth 
metals, and mixtures thereof. The group VI elements include, but are not limited to, oxygen, 
sulfur, selenium, tellurium, and mixtures thereof The p-type dopant includes, but is not limited 
to, nitrogen, phosphorus, arsenic, antimony, bismuth, copper, and chalcogenides of the 
foregoing, and mixtures thereof Zinc oxide and zinc sulfide are two currently preferred group 
II-VI semiconductor materials. 

[0009] The semiconductor device includes group II-VI semiconductor materials deposited as 
a thin film onto a self supporting surface. The self supporting surface may be crystalline, 
polycrystalline, or amorphous. The thin film is preferably deposited by a commercially viable 
chemical deposition process, such as, but not limited to, RF sputtering, CVD (chemical vapor 
deposition), MOCVD (metal organic chemical vapor deposition), spin coating, electrophoresis, 
and hydrothermal growth processes. 

[0010] A variety of useful semiconductor devices may be prepared within the scope of the 
present invention, including but not limited to, light emitting diodes, laser diodes, field effect 
transistors, and photodetectors. For semiconductor devices designed to emit light, the emitted 
light may have a wavelength in the range from about 207 nm to about 810 nm. Specific light 
wavelengths, such as 441.6 nm and 325 nm, may be emitted. 

[0011] Advantageously, the n-type semiconductor material is an n-type group II-VI 
semiconductor compatible with the p-type group II-VI semiconductor material. Typical n-type 
dopants include, but are not limited to, ions of Al, Ga, B, H, Yb and other rare earth elements, 
Y, Sc, and mixtures thereof. 

[0012] Additional dopants, alloys, or semiconductor layers may be used to optimize the 
performance of the device. For example, the group II-VI semiconductor material may further 
include magnesium oxide or cadmium oxide to control the band gap. Multiple Quantum Wells 
may also but used to optimize or control the device performance. 
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 
[0013] A more particular description of the invention briefly described above will be 
rendered by reference to specific embodiments thereof which are illustrated in the appended 
drawings. These drawings depict only typical embodiments of the invention and are not 
therefore to be considered to be limiting of its scope. The invention will be described and 
explained with additional specificity and detail through the use of the accompanying drawings 
in which: 

[0014] Figure 1 is a schematic representation of a sputtering system used in the fabrication 
of certain p-type group II- VI semiconductor materials. 

[0015] Figure 2 is a graph X-ray Photoelectron Spectroscopy (XPS) of arsenic doped p-type 
zinc oxide. 

[0016] Figure 3 is a graph of photoluminescence spectra comparing undoped, bulk, n-type 
zinc oxide with phosphorous doped and arsenic doped p-type zinc oxide. 
[0017] Figure 4 is a graph of the Hall measurements showing sheet resistance and carrier 
mobility vs. temperature for arsenic doped p-type zinc oxide. 

[0018] Figure 5 is a Secondary Ion Mass Spectroscopy (SMS) graph of an arsenic doped 
ZnO film measured against a calibrated standard. 

[0019] Figure 6 is graph of the X-ray diffraction pattern generated by sputtered arsenic 
doped polycrystalline zinc oxide. 

[0020] Figure 7 is a graph of the X-ray diffraction pattern generated by a zinc oxide thin film 
within the scope of the present invention showing single crystal (002) plane. 
[0021] Figure 8 is a Secondary Ion Mass Spectroscopy (SIMS) graph of an antimony doped 
ZnO film. 

[0022] Figure 9 is a schematic diagram of a zinc oxide p-n junction within the scope of the 
present invention. 

[0023] Figure 10 shows a spectrum of light emitted from a zinc oxide p-n junction within 
the scope of the present invention. 

[0024] Figure 1 1 shows a graph of current vs. voltage for a zinc oxide p-n junction within 
the scope of the present invention showing rectification of the p-n junction. 
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[0025] Figure 12 is a schematic diagram of a group II- VI semiconductor heterostructure 
device containing an active region. 

[0026] Figure 13 is a schematic diagram of a group II- VI semiconductor device of Figure 10 
without an active region. 

[0027] Figure 14A is a schematic diagram of a conventional GaN solid state device 
fabricated on a sapphire or SiC substrate. 

[0028] Figure 14B is a schematic diagram of a ZnO solid state device fabricated on an 
alternative self-supporting substrate within the scope of the present invention. 
[0029] Figures 15A-15B are schematic representations of group II- VI semiconductor devices 
fabricated with multiple quantum wells. 

[0030] Figures 16A-16B are schematic representations of group II- VI semiconductor devices 
fabricated with a single quantum well. 

[0031] Figure 1 7 is a zinc - oxygen - arsenic ternary diagram. 
DETAILED DESCRIPTION OF THE INVENTION 

[0032] The present invention is drawn to methods for group II- VI semiconductor devices. 
These devices are preferably fabricated using group II- VI semiconductor materials. In 
particular, the present invention is drawn to methods that are commercially viable such that the 
semiconductor materials can be fabricated economically and efficiently. Some chemical 
fabrication processes, such as molecular beam epitaxy and laser ablation epitaxy, require 
complicated and expensive equipment to produce small compound samples. Such processes, 
while useful for research purposes, are not commercially viable. 

[0033] In accordance with one aspect within the scope of the present invention, p-type group 
II-VI semiconductor devices may be fabricated using commercially viable processes in which 
the partial pressures of the semiconductor constituents are controlled. 

[0034] In one method within the scope of the present invention, a p-type group II-VI 
semiconductor material is fabricated by obtaining a self supporting substrate surface and 
depositing a thin film of group II-VI semiconductor doped with one or more p-type dopants on 
the substrate surface. The deposition conditions are controlled such that the group n, group VI, 
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and p-type dopant atoms are in a gaseous phase prior to combining as the thin film of group II- 
VI semiconductor. 

[0035] The resulting thin film of group II-VI semiconductor is a persistent p-type 
semiconductor. As used herein a persistent p-type semiconductor is not substantially degraded 
by UV or visible light exposure, exists at substantially room temperature and pressure, and 
retains its p-type semiconductor characteristic for an extended period of time, greater than one 
year. Depending upon the choice of group II-VI elements, the semiconductor material may also 
exhibit high temperature stability and radiation resistance. This is particularly relevant to zinc 
oxide semiconductors. 

[0036] The p-type dopant may be selected from known p-type dopant materials. Typical p- 
type dopants include, but are not limited to, nitrogen, phosphorus, arsenic, antimony, bismuth, 
copper, chalcogenides of the foregoing, and mixtures thereof. 

[0037] The band gap of the group II-VI semiconductor may be controlled by including 
additional dopant or alloy compounds including, but not limited to, cadmium oxide and 
magnesium oxide, which are themselves group II-VI compounds. As an example, zinc oxide 
host has a band gap of about 3.2 eV. The zinc oxide band gap may be modified using known 
band gap engineering techniques. By varying the host material, the light emission wavelength 
may be adjusted. Zinc oxide alloyed with magnesium oxide may increase the band gap to about 
4.0 eV which will result in a light emission of about 310 nm. Similarly, cadmium oxide alloyed 
with zinc oxide, alone or in combination with other cadmium chalcogenides, may decrease the 
band gap which will result in a light emission in the visible region up to about 660 nm. The 
amount of magnesium oxide or cadmium oxide will typically range up to about 20 mole % to 
achieve a desired band gap or other electronic properties. 

[0038] The p-type dopant concentration in the group II-VI semiconductor is preferably 
greater than about 10 16 atoms-cm" 3 , and typically in the range from about 10 16 to about 10 22 

"J IT 

atoms-cm . More preferably, the p-type dopant concentration is in the range from about 10 to 
10 19 atoms-cm" 3 . The dopant content in the resulting group II-VI material may be varied and 
controlled. High dopant content is possible using techniques within the scope of the present 
invention. 
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[0039] The semiconductor resistivity is preferably less than about 0.5 ohm-cm. More 
preferably the resistivity is less than about 0.1 ohm-cm, more preferably the resistivity is less 
than about 0.01 ohm-cm, and more preferably the resistivity is less than about 0.001 ohm-cm. 
[0040] The carrier mobility is preferably greater than about 0.1 cm 2 /V-s. More preferably, 
the carrier mobility is greater than 0.5 cm 2 /Vs, and more preferably the carrier mobility is 
greater than 4 cm 2 /V-s. Carrier mobilities greater than 100 cm 2 /V-s have been observed. 
[0041] The group II- VI semiconductor may be deposited as a thin film on self supporting 
substrates known in the art such as sapphire and silicon carbide. However, the semiconductor 
materials need not be deposited on expensive crystal growth substrates. Instead, they may 
advantageously be deposited on lower cost crystalline, polycrystalline, and amorphous 
substrates. Such substrates may include, but are not limited to, silicon wafers, amorphous self 
supporting substrate surfaces like fused silica and glasses such as borosilicate glass and soda 
lime glass, and polycrystalline substrate surfaces such as alumina. The group II- VI 
semiconductor materials may be deposited on many other substrates. The choice of substrate 
may be affected by the desired application of the semiconductor, including transparency, 
electronic properties, and cost. 

[0042] The group II- VI semiconductor material is preferably deposited as a single crystal. 
As used herein, a single crystal group II- VI semiconductor material possesses a single 
predominant reflection on an X-ray diffraction pattern. Polycrystalline materials will possess 
multiple reflection peaks on an X-ray diffraction pattern. Persons skilled in the art will 
appreciate that a perfect single crystal, defect free, does not exist. There will always be some 
minor crystal defects present. As used herein, a single predominant reflection peak will possess 
at least 95% of the integrated area of the X-ray diffraction pattern, and more preferably greater 
than 99%. 

[0043] Zinc oxide doped with arsenic is one presently preferred group II- VI semiconductor. 
Several possible fabrication methods may be used to prepare p-type zinc oxide doped with 
arsenic. For example, in one fabrication method within the scope of the present invention, a 
thin film of zinc arsenide (Zn 3 As 2 , ZnAs2, or a mixture thereof) is deposited onto a self 
supporting substrate, such as fused silica or silicon wafer. The zinc arsenide may be deposited 
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by thermal evaporation, sputtering, a combination of thermal evaporation and sputtering, or 
other known deposition techniques such as MOCVD, CVD, spin coating, etc. 
[0044] Zinc oxide doped with arsenic may be sputtered onto the substrate at a temperature at 
which a portion of the arsenic is in the gas phase. Without being bound by theory, it is 
presently believed that a portion of the arsenic from the zinc arsenide layer evaporates by 
heating the substrate during the sputtering process such that the sputtering atmosphere contains 
identifiable partial pressures of arsenic, zinc, and oxygen. The partial pressures may be 
determined by a mass spectrometer. These gaseous species are present at appropriate ratios 
such that when they are forced onto the substrate by action of the magnetic field, they form the 
desired arsenic doped zinc oxide. The partial pressures of the group II- VI semiconductor 
compounds is preferably controlled during the fabrication process. 

[0045] Some useful results have been obtained when the thin film of zinc oxide was 
sputtered in a sputtering atmosphere comprising hydrogen gas. Without being bound by theory, 
it is possible the hydrogen in the sputtering atmosphere helps limit the oxygen available to 
oxidize the zinc and arsenic and form undesired oxides. From a review of the Zn-O-As ternary 
diagram shown in Figure 17, too much oxygen present may encourage the formation of 
undesirable ternary compounds, such as Zri409As2, Zn30gAs2, Zn3C>6As2, and ZnC>4As2. Hence, 
it is desirable to limit the oxygen partial pressure during the deposition process. Because 
hydrogen is known to act as an n-type dopant, it is possible that some hydrogen is incorporated 
into the semiconductor material and may counteract the activity of the p-type dopant. 
Therefore, other means for controlling the oxygen content in the sputtering atmosphere may be 
used. 

[0046] Effective p-type zinc oxide may be prepared in a manner similar to the method 
described above, except that it is not necessary to first deposit a zinc arsenide layer onto the 
substrate. The zinc oxide may be directly sputtered onto the substrate under conditions in 
which gaseous arsenic is available. This may be accomplished through the use of a heated 
basket containing arsenic, zinc arsenide, or an arsenic compound. It may also be accomplished 
through the use of gaseous arsenic compounds, such as arsenic ethoxide (As(OC2H 5 ) 3 ). 
[0047] In the RF magnetron sputtering process, a substrate is placed in a low-pressure 
chamber. The magnetron sputtering head is driven by an RF power source which generates a 
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plasma and ionization of the gas or gases (e.g., argon and selected dopants). For RF sputtering, 
a high-frequency generator is used generating electromagnetic power in the MHz-Region 
(typically about 13.56 MHz). Argon ions bombard the target releasing ions from the target 
which are liberated and accelerated towards the substrate. Additional atoms in the plasma may 
also be deposited onto the substrate. 

[0048] The sputtering process conditions may vary. For example, sputtering system may 
have a target comprising from about 0.99 to about 0.95 mole % zinc oxide and about 0.01 to 
about 0.05 mole % arsenic. Alternatively, the sputtering system may have a target comprising 
from about 0.99 to about 0.95 mole % zinc and about 0.01 to about 0.05 mole % arsenic oxide 
(AS2O3). Similarly, the sputtering system may have a target comprising zinc metal and arsenic 
metal or a target comprising zinc oxide and arsenic oxide or a target comprising zinc metal or 
zinc oxide and a source of gaseous arsenic. Other similar variations in the sputtering process 
conditions are within the level of skill in the art. 

[0049] The system may operate at a power in the range from about 20 to about 120 watts. 
Persons skilled in the art will appreciate that the power may be varied to control deposition time 
and film thickness, as well as the quality of the resulting film. 

[0050] Good results have been obtained when the inert sputtering gas is present in the 
sputtering atmosphere at a pressure in the range from about 4 to 20 mtorr. The inert sputtering 
gas is preferably selected from argon, krypton, xenon, neon, and helium. Argon is a presently 
preferred inert sputtering gas. Small amounts of oxygen may be included in the sputtering gas, 
usually at a pressure in the range from about 1 to 4 mtorr. In some embodiments, beneficial 
results have been obtained when the thin film is annealed at a temperature in the range from 
about 300 to about 450 °C for a time period in the range from about 1 to about 15 minutes. 
[0051] It will be appreciated that alternative p-type dopants may be used in the foregoing 
methods. For example, antimony has been used to prepare p-type zinc oxide by using antimony 
or antimony oxide (Sb 2 C>3) instead of arsenic or arsenic oxide in several of the foregoing 
sputtering methods. Similarly, the methods may be adapted for use with other group II 
elements besides zinc, such as cadmium and alkaline earth metals. Likewise, the methods may 
be adapted for use with other group VI elements besides oxygen, such as sulfur, selenium, 
tellurium, and mixtures thereof. 
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[0052] There are many potential applications and uses of the p-type group II-VI 
semiconductor materials, and in particular zinc oxide and zinc sulfide semiconductor materials. 
For example, it may be combined with a suitable n-type semiconductor material to form a p-n 
junction used in various electrical components. The n-type semiconductor is preferably 
compatible with the p-type group II-VI semiconductor and preferably contains an n-type dopant 
selected from known dopant materials. Typical n-type dopants include, but are not limited to, 
ions of Al, Ga, B, H, Yb and other rare earth elements, Y, Sc, and mixtures thereof. It may be 
used to prepare light emitting devices that produce light ranging from the ultraviolet to the red 
region under an electric potential. Band gap engineering principles can be used to control the 
light emitted. Ultraviolet light can be used to photopump phosphors and produce visible white 
light. The low activation energy would permit the light emitting devices to operate at low 
voltage. The p-type group II-VI semiconductor materials may be used to prepare ultraviolet 
laser diodes. Just as the thin film may be configured to generate light under an electric 
potential, the devices may be used as a photovoltaic solar cell to generate electricity when 
exposed to light or a photodetector device. 

[0053] The electrical conductivity of the thin films renders them useful in flat-panel display 
devices. The zinc oxide thin films may be used in electrochromic devices, such as 
automatically dimming rear-view mirrors for automobiles and electrically controlled "smart" 
windows. Electric current may be passed through the thin films coated on vehicle windows and 
freezer display cases to render them frost-free. The thin film conductivity may be exploited to 
dissipate static electricity from windows on photocopy machines, to form transparent 
electromagnetic shields, invisible security circuits on windows, and transparent radio antennas 
built into automobile windows. The high thermal and chemical stability of zinc oxide may 
render radiation hardened electrical components. 

[0054] While some of the discussion herein mentions zinc oxide specifically, it will be 
appreciated that the processes, compositions, and applications thereof, have broad application 
to group II-VI semiconductor devices and are not limited solely to zinc oxide based 
semiconductor devices. 
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[0055] EXAMPLES 

[0056] The following examples are given to illustrate various embodiments within the scope 
of the present invention. These are given by way of example only, and it is to be understood 
that the following examples are not comprehensive or exhaustive of the many embodiments 
within the scope of the present invention. 

[0057] Many of the following Examples involve sputtering. Figure 1 illustrates a schematic 
representation of a sputtering system 10 used in some of the following examples. In RF 
sputtering, a substrate 12 is placed in a low-pressure chamber 14. The magnetron sputtering 
head 16 is driven by an RF power source (not shown) which generates a plasma and ionization 
of the sputtering gas or gases between the electrodes. The sputtering gas typically includes an 
inert sputtering gas, which may include, but is not limited to, argon, krypton, xenon, neon, and 
helium. The sputtering gas may optionally include one or more selected dopants. A plurality of 
gas sources 18, 20, 22, and 24 may provide N 2 , H 2 , Ar, 02, or other desired gases. For RF 
sputtering, a high-frequency generator is used generating electromagnetic power in the MHz- 
Region. Argon ions bombard the target 26, releasing ions from the target which are accelerated 
towards the substrate. Additional atoms in the plasma may also be deposited onto the substrate, 
such as dopant atoms. 

[0058] In the sputtering system of Figure 1, the substrate 12 is secured in place by a heated 
substrate fixture 28. The temperature of the heated substrate fixture 28 was measured and 
reported as the substrate temperature. The sputtering chamber 14 is constantly evacuated with a 
vacuum pump system 30. The sputtering atmosphere includes an inert sputtering gas 
mentioned above, and may optionally include other gases which are provided by the respective 
gas source 18, 20, 22, and 24. The gas pressures reported below, such as 10 mtorr, represent 
the gas pressure of the respective gas as it is introduced into the sputtering chamber 14. In 
some embodiments, volatile materials 32, such as arsenic for example, are evaporated in a 
heated basket, illustrated as the heated evaporator 34. The system includes online pressure 
measurement 36. It also includes thickness measurement capability 38. The system optionally 
includes an online mass spectrometer 40 which may measure the gas content and accurately 
determine the partial pressure of the sputtering atmosphere. 
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[0059] Unless specifically noted, the following are common conditions for the sputtering 
described in the Examples: 

[0060] 1. The distance between the sputtering target and the deposition substrate was 
about 1.5 inches. 

[0061] 2. Radio Frequency was 13.56 MHz. It will be appreciated by those skilled in the 
art that much lower and much higher frequencies may be used in RF sputtering systems. 
However, for practical considerations and FCC regulations, the radio frequency used was 13.56 
MHz. 

[0062] 3. The atmosphere was maintained by using a continuous vacuum, and pressures 
were controlled by addition of indicated gases. Some residual atmospheric oxygen or moisture 
adsorbs on the metal surfaces within the sputtering chamber. Therefore, oxygen out-gases 
during the sputtering process at the operating temperature and pressure. 

[0063] 4. The sputtering time was typically about 10 minutes, but some samples were 
sputtered for longer time periods, such as an hour, and some samples were sputtered for shorter 
periods, such as one minute. The sputtering time was selected to produce a film thickness of 
about one micron. It will be appreciated that several factors affect the film thickness, including, 
but not limited to, sputtering time, power, temperature, concentration of dopants, and 
evaporation of constituents of the sputtered thin film. 

[0064] 5. One inch RF magnetron sputtering head was used with water cooling. 

[0065] 6. All samples were tested for semiconductor type by Seebeck and Hall 

measurement. 

[0066] 7. All chemicals were high purity from Alfa Aesar. 

[0067] 8. In most cases, the operating condition ranges and experimental result ranges are 
drawn from multiple experiments. Thus, the reported examples and results may represent a 
composite of several actual experiments. 

[0068] Example 1 - Sputtering of ZnO with arsenic as a dopant . 

[0069] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
sputtering target composition was ZnO (0.99 - 0.95 moles) + As (0.01 - 0.05 moles). The 
preferred target composition was ZnO (0.98 moles) + As (0.02 moles). The substrate 
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temperature was between 350 and 550°C. The preferred temperature was about 400°C. The RF 
power was between 20 and 120 watts. The preferred power was about 60 watts. The sputtering 
atmosphere included argon at a gas pressure of about 4 to 20 mtorr and O2 at a gas pressure of 
about 1 to 4 mtorr. The preferred sputtering atmosphere pressures were about 9 mtorr argon 
and about 1 mtorr O2. 

[0070] The resulting transparent p-type zinc oxide layer had a resistance of about 10,000 
ohms/square. After annealing at 440°C in air, the resistance dropped to about 1,000 
ohms/square. In another composition prepared in accordance with the procedure of this 
Example, the transparent p-type zinc oxide layer had a resistance ranging from 200,000 
ohms/square to 10,000,000 ohms/square. This composition was not subsequently annealed. 
[0071] Example 2 - Sputtering of ZnO with arsenic as a dopant . 

[0072] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
sputtering target composition was ZnO (0.99 - 0.95 moles) + As (0.01 - 0.05 moles). The 
preferred target composition was ZnO (0.98 moles) + As (0.02 moles). The substrate 
temperature was between 350 and 550°C. The preferred temperature was about 400°C. The RF 
power was between 20 and 120 watts. The preferred power was about 60 watts. The sputtering 
atmosphere included argon at a gas pressure of about 4 to 20 mtorr and H 2 at a gas pressure of 
about 1 to 4 mtorr. The preferred sputtering atmosphere pressures were about 9 mtorr argon 
and about 1 mtorr H2. 

[0073] The resulting transparent p-type zinc oxide layer had a resistance of about 500 
ohms/square. Without being bound by theory, it is believed that the hydrogen gas may be 
moderating the concentration of oxygen in the sputtering atmosphere. 
[0074] Example 3 - Sputtering of ZnO with arsenic as a dopant . 

[0075] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
sputtering target composition was ZnO (0.99 - 0.95 moles) + As (0.01 - 0.05 moles). The 
preferred target composition was ZnO (0.975 moles) + As (0.025 moles). The substrate 
temperature was between 350 and 550°C. The preferred temperature was about 400°C. The RF 
power was between 20 and 120 watts. The preferred power was about 60 to 90 watts. The 
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sputtering atmosphere included argon at a gas pressure of about 4 to 20 mtorr. The preferred 
sputtering atmosphere pressure was about 9 mtorr argon. 

[0076] The resulting transparent p-type zinc oxide layer had a resistance of about 1000 
ohms/square. The resulting p-type zinc oxide was analyzed by X-ray Photoelectron 
Spectroscopy (XPS). A graph of the XPS data is shown in Figure 2. The data from Figure 2 
show arsenic in zinc oxide with a concentration of about 0.25 mole percent. 
[0077] Example 4 - Sputtering of ZnO with arsenic as a dopant . 

[0078] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. A 
First Composition Layer comprising zinc and arsenic was deposited onto the self supporting 
substrate. 

[0079] In one example, the First Composition Layer was deposited by thermal evaporation 
of zinc arsenide (Zn 3 As2 or ZnAs 2 ) for a period of about 2-60 seconds, with a preferred period 
of about 14 seconds. The substrate temperature was about 360°C. Thermal evaporation is a 
well known technique for depositing thin films, particularly metal and metal alloys. 
Subsequent analysis of the First Composition Layer indicated that it contained zinc and arsenic 
in approximately equal atomic amounts. This suggests that the stoichiometry of the zinc 
arsenide had changed during thermal evaporation or that it contained a mixture of zinc arsenide 
molecules. 

[0080] The following sequential basic steps take place: (i) a vapor is generated by boiling or 
subliming a source material, (ii) the vapor is transported from the source to the substrate, and 
(iii) the vapor is condensed to a solid film on the substrate surface. In the evaporative 
deposition process, a substrate is placed in a low-pressure chamber. A tungsten crucible is 
disposed below the substrate. The desired source material or mixture of source materials is 
placed in the crucible and heated to a temperature sufficiently high to evaporate the source 
material. The source material vapor condenses on the substrate, which may or may not be 
heated. Heating the substrate may enhance the bond between the deposited source material film 
and the substrate. The evaporative deposition process may be completed in less than a minute, 
and usually a few seconds. 
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[0081] In another example, the First Composition Layer was deposited by RF sputtering. In 
yet another example, the First Composition Layer was deposited by the combination of thermal 
evaporation and RF sputtering. It will be appreciated that the First Composition Layer may be 
deposited using other known, conventional, or novel deposition techniques, including, but not 
limited to, RF sputtering and evaporative deposition techniques described above, as well as 
chemical vapor deposition (CVD), metal organic chemical vapor deposition (MOCVD), other 
evaporation and sputtering techniques, and combinations of these and other thin film deposition 
technologies. 

[0082] Preparing a thin film by evaporation alone is a very quick process that is completed 
in a matter of seconds, but it is difficult to properly control the resulting thin film. In contrast, 
sputtering alone is a slow process that requires many minutes to complete. The combination of 
sputtering and thermal evaporation includes heat to facilitate evaporation of the source material 
and a RF field to induce sputtering. Alternatively, the RF field can be used to heat the source 
material disposed close to the RF magnetron head sufficiently to evaporate the source material 
for deposition by thermal evaporation. In this case, a small amount of sputtering will also 
occur. The resulting thin film is of good quality and quickly prepared. In this case, the 
combination of sputtering and evaporation was used to deposit Zn3As2 onto a fused silica: 
substrate at 350°C for about 50 seconds. 

[0083] A Second Composition Layer comprising zinc oxide was deposited onto the First 
Composition Layer by RF sputtering. The sputtering target composition was ZnO. The 
substrate temperature was between 400 and 550°C. The preferred temperature was about 
450°C. The RF power was between 20 and 120 watts. The preferred power was about 100 
watts. The sputtering time was between 10 and 40 minutes, and preferably about 20 minutes. 
The sputtering atmosphere included argon at a gas pressure of about 4 to 20 mtorr. The 
preferred sputtering atmosphere pressure was about 10 mtorr argon. 

[0084] The resulting p-type zinc oxide layer had a resistance of about 2,000 to 50,000 
ohms/square and a resistivity of about 1 .4 ohm-cm. The variable resistance may be attributed to 
variable thickness of the p-type zinc oxide layer. The concentration of arsenic was about 1.74 x 
10 18 per cm 3 and was measured by the Hall effect technique. Without being bound by theory, it 
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is believed that a quantity of arsenic may be evaporated during the sputtering step and become 
part of the sputtering plasma such that ZnO doped with arsenic was deposited onto substrate. 
[0085] The photoluminescence of arsenic doped p-type zinc oxide was measured and 
compared against undoped, bulk, n-type zinc oxide and phosphorus doped p-type zinc oxide. 
This comparison is shown in Figure 3. The distinctly different photoluminescence between n- 
type and p-type zinc oxide is apparent. Moreover, the arsenic doped zinc oxide shows 
photoluminescence consistent with the phosphorus doped zinc oxide. A noticeable luminescent 
peak at about 3.3568 eV was observed with both phosphorus doped and arsenic doped p-type 
zinc oxide compositions. 

[0086] The resistance and mobility of the p-type zinc oxide were measured and are shown 
graphically in Figure 4. The slope of the mobility curve provides an indication of how deep the 
centers are located. A sample of the arsenic doped p-type zinc oxide film was analyzed by 
Secondary Ion Mass Spectroscopy (SIMS) and measured against a calibrated standard. The 
results, shown graphically in Figure 5, indicate stable and consistent arsenic doping at a 
concentration of about 10 20 atoms/cm 3 to a depth of about 60 nm. Based upon the SIMS data, 
the composition of the arsenic doped p-type zinc oxide is labeled on the Zn-O-As ternary 
diagram of Figure 17. Another p-type zinc oxide sample prepared according to the procedure 
of this Example. It had a composition of Zn.41O.59As9.43xK)" 4 - It had an arsenic content of about 
4.3 x 10 19 arsenic atoms/cm 3 to a depth of about 450 nm. 

[0087] A region of the arsenic doped p-type zinc oxide that was sputtered directly onto a 
fused silica substrate was analyzed by X-ray diffraction. A graph of the X-ray diffraction 
pattern is shown in Figure 7 illustrating a single dominant peak representing the (002) plane. 
This indicates that single crystal p-type zinc oxide was deposited directly onto the amorphous 
fused silica substrate. By way of comparison, an X-ray diffraction pattern of polycrystalline 
zinc oxide is shown in Figure 6. 

[0088] Example 5 - Sputtering of ZnO with arsenic as a dopant . 

[0089] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
sputtering target composition was Zn (0.99 - 0.95 moles) + As 2 0 3 (0.01 - 0.05 moles). The 
preferred target composition was about Zn (0.99 moles) + AS2O3 (0.01 moles). The substrate 
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temperature was between 350 and 550°C. The preferred temperature was about 400°C. The RF 
power was between 15 and 40 watts. The preferred power was about 30 watts. A lower power 
was used in this example to keep the powdered zinc metal in the target from being quickly 
vaporized and dispersed during the sputtering processing. The sputtering atmosphere included 
argon at a gas pressure of about 4 to 20 mtorr and O2 at a gas pressure of about 1 to 4 mtorr. 
The preferred sputtering atmosphere pressures were about 10 mtorr argon and about 1 mtorr O2. 
[0090] The resulting transparent p-type zinc oxide layer had a resistance of about 100,000 
ohms/square. 

[0091] Example 6 - Sputtering of ZnO with arsenic as a dopant . 

[0092] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
sputtering target composition was ZnO (0.99 - 0.95 moles) + As 2 0 3 (0.01 - 0.05 moles). The 
preferred target composition was ZnO (0.99 moles) + As 2 0 3 (0.01 moles). The substrate 
temperature was between 350 and 550°C. The preferred temperature was about 400°C. The RF 
power was between 20 and 120 watts. The preferred power was about 60 watts. The sputtering 
atmosphere included argon at a gas pressure of about 4 to 20 mtorr. The preferred sputtering 
atmosphere pressure was about 10 mtorr argon. 

[0093] The resulting transparent p-type zinc oxide layer had a resistance of about 100,000 
ohms/square. 

[0094] Example 7 - Sputtering of ZnO with antimony as a dopant . 

[0095] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
sputtering target composition was Zn (0.99 - 0.95 moles) + Sb (0.01 - 0.05 moles). The 
preferred target composition was Zn (0.98 moles) + Sb (0.02 moles). The substrate temperature 
was between 350 and 550°C. The preferred temperature was about 400°C. The RF power was 
between 20 and 120 watts. The preferred power was about 90 watts. The sputtering 
atmosphere included argon at a gas pressure of about 4 to 20 mtorr. The preferred sputtering 
atmosphere pressure was about 10 mtorr argon. 

[0096] The resulting transparent p-type zinc oxide layer had a resistance of about 600,000 
ohms/square. Without being bound by theory, it is believed that the oxygen needed to form the 
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zinc oxide crystal lattice was obtained from residual oxygen in the sputtering system 
atmosphere. 

[0097] The target composition is not limited to metallic zinc and antimony. The target may 
comprise zinc oxide and antimony metal, zinc metal and antimony oxide, and zinc oxide and 
antimony oxide. The sputtering atmosphere may optionally include either hydrogen gas or 
oxygen gas at a gas pressure of about 0.1 to 4 mtorr in addition to the inert sputtering gas. 
[0098] Example 8 - Sputtering of ZnO with antimony as a dopant . 

[0099] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
sputtering target composition was ZnO (0.99 - 0.95 moles) + Sb (0.01 - 0.05 moles). The 
preferred target composition was ZnO (0.98 moles) + Sb (0.02 moles). The substrate 
temperature was between 350 and 550°C. The preferred temperature was about 400°C. The RF 
power was between 20 and 120 watts. The preferred power was about 90 watts. The sputtering 
atmosphere included argon at a gas pressure of about 4 to 20 mtorr. The preferred sputtering 
atmosphere pressure was about 10 mtorr argon. 

[00100] The resulting transparent p-type zinc oxide layer had a sheet resistivity of about 6.8 x 
10" 5 ohmxm and a mobility of about 169 cm 2 /Vsec. The concentration of antimony was about 
1.3 x 10 21 atoms per cm 3 measured by the Hall effect technique. A sample of the antimony 
doped p-type zinc oxide film was analyzed by Secondary Ion Mass Spectroscopy (SIMS) and 
measured against an antimony doped silica standard. The results were valid within a factor of 
2. The results, shown graphically in Figure 8, indicate stable and consistent arsenic doping at a 
concentration of about 10 20 atoms/cm 3 to a depth of about 270 nm. The antimony concentration 
increased to about 10 21 close to the fused silica substrate. Portions of the sample were visually 
transparent. Another sample of the antimony doped p-type zinc oxide layer prepared in the 
same manner had a sheet resistivity of about 9.4 x 10" 5 ohm-cm and a mobility of about 108 
cmVv-sec. The concentration of antimony was about 6.34 x 10 20 atoms per cm 3 measured by 
the Hall effect technique. 

[00101] Example 9 - Sputtering of ZnO with antimony as a dopant . 

[00102] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. The 
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sputtering target composition was ZnO (0.99 - 0.95 moles) + Sb (0.01 - 0.05 moles). The 
preferred target composition was ZnO (0.98 moles) + Sb (0.02 moles). The substrate 
temperature was between 350 and 550°C. The preferred temperature was about 400°C. The RF 
power was between 20 and 120 watts. The preferred power was about 90 watts. The sputtering 
atmosphere included argon at a gas pressure of about 4 to 20 mtorr and oxygen gas at a pressure 
of about 1 mtorr. The preferred sputtering atmosphere pressure was about 10 mtorr argon and 1 
mtorr oxygen. 

[00103] The resulting transparent p-type zinc oxide layer had better crystallinity and mobility 
compared to the other antimony-doped zinc oxide thin films prepared above. 
[00104] Example 10 - Sputtering of ZnO with copper as a dopant . 

[00105] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. A 
First Composition Layer comprising copper was deposited onto the self supporting substrate by 
RF sputtering for a period of from 5 to 40 minutes, with a preferred period of about 10 minutes 
at room temperature. 

[00106] A Second Composition Layer comprising zinc oxide was deposited onto the First 
Composition Layer by RF sputtering. The sputtering target composition was ZnO. The 
substrate temperature was between 400 and 550°C. The preferred temperature was about 
450°C. The RF power was between 20 and 120 watts. The preferred power was about 100 
watts. The sputtering time was between 10 and 40 minutes, and preferably about 20 minutes. 
The sputtering atmosphere included argon at a gas pressure of about 4 to 20 mtorr. The 
preferred sputtering atmosphere pressure was about 10 mtorr argon. 

[00107] At low concentration, copper may counteract the natural n-type property of ZnO 
resulting in a neutral or p-type semiconductor with low resistance. Without being bound by 
theory, it is believed that a quantity of copper may be evaporated during the sputtering step and 
become part of the sputtering plasma such that ZnO doped with copper was deposited onto 
substrate. 

[00108] Example 1 1 - Sputtering of ZnO with arsenic as a dopant . 

[00109] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Both fused silica and silicon wafers were used as the self supporting substrate. A 
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First Composition Layer comprising zinc and arsenic was deposited onto the self supporting 
substrate. The First Composition Layer included Zn 3 As 2 , ZnAs 2 , or a mixture thereof. In one 
example, the zinc/arsenic layer was deposited by thermal evaporation for a period of about 2 - 
60 seconds, with a preferred period of about 14 seconds. The temperature was about 360°C. 
The First Composition Layer may also be deposited by RF sputtering. 

[00110] A Second Composition Layer comprising zinc oxide was deposited onto the First 
Composition Layer by RF sputtering. The sputtering target composition was ZnO. The 
substrate temperature was between 400 and 550°C. The preferred temperature was about 
450°C. The RF power was between 20 and 120 watts. The preferred power was about 100 
watts. The sputtering time was between 10 and 40 minutes, and preferably about 20 minutes. 
The sputtering atmosphere included argon at a gas pressure of about 4 to 20 mtorr and hydrogen 
at a gas pressure of about 0.1 to 4 mtorr. The preferred sputtering atmosphere pressure was 
about 10 mtorr argon. 

[00111] The resulting p-type zinc oxide layer had a resistance of about 10 to 200 
ohms/square. 

[00112] Example 12 - Sputtering of ZnO with antimony as a dopant . 

[00113] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering in accordance with the procedure of Example 11, except that the First Composition 
Layer comprised zinc and antimony. The resulting p-type zinc oxide layer showed high 
mobility. 

[00114] Example 13 - Sputtering of ZnO with antimony as a dopant . 

[00115] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering in accordance with the procedure of Example 12, except that the First Composition 
Layer comprised antimony. The antimony was deposited onto the self supporting substrate by 
thermal evaporation. The resulting p-type zinc oxide layer showed high mobility. 
[00116] Example 14 - Sputtering of ZnO with arsenic as dopant . 

[00117] A thin film of p-type zinc oxide was deposited onto a self supporting substrate by RF 
sputtering. Fused silica was used as the self supporting substrate. The sputtering target 
composition was ZnO. The substrate temperature was between 350 and 550°C. The preferred 
temperature was about 400°C. The RF power was between 20 and 120 watts. The preferred 
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power was about 60 watts. The sputtering atmosphere included argon at a gas pressure of about 
4 to 20 mtorr. In addition, a basket containing arsenic was heated to a controlled temperature 
sufficient to evaporate the arsenic. The basket was positioned such that the arsenic was 
evaporated directly onto the fused silica at the same time the zinc oxide was sputtered onto the 
fused silica. 

[00118] The resulting transparent p-type zinc oxide layer displayed visible diffraction rings, 
but was very clear and transparent. It will be appreciated that this process may be adapted for 
use with other p-type dopants besides arsenic. 

[00119] Based upon arsenic vapor pressure data, As 4 has a higher vapor pressure at a given 
temperature when compared to AS3, AS2, and As. Therefore, it is presently believed that As 4 is 
the dominant volatile arsenic species at typical operating conditions. Without being bound by 
theory, it is believed As 4 must be broken into individual arsenic atoms to be incorporated into 
the zinc oxide. An apparent threshold RF power of about 60 watts has been observed for the 
given experimental sputtering system used herein. It will be appreciated that this threshold RF 
power may vary depending upon the sputtering system used. Likewise, it will be appreciated 
that other means besides a RF field may be used to break the As 4 molecular bonds. 
[00120] A similar phenomenon has been observed with respect to antimony vapor pressures 
as with arsenic discussed above. Antimony generally requires a higher temperature to achieve 
the same vapor pressure as arsenic. Likewise, an apparent threshold RF power of about 90 
watts has been observed for the given experimental sputtering system used herein. 
[00121] Example 15 - Sputtering of ZnS with arsenic as dopant . 

[00122] A thin film of p-type zinc sulfide was deposited onto a self supporting substrate by 
RF sputtering. Fused silica was used as the self supporting substrate. The sputtering target 
composition was ZnS. The substrate temperature was between 350 and 550°C. The preferred 
temperature was about 400°C. The RF power was between 20 and 120 watts. The preferred 
power was about 60 watts. The sputtering time was about 1 to 2 minutes. The sputtering 
atmosphere included argon at a gas pressure of about 4 to 20 mtorr. In addition, a basket 
containing arsenic was heated to a controlled temperature sufficient to evaporate the arsenic. 
The basket was positioned such that the arsenic was evaporated directly onto the fused silica at 
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the same time the zinc sulfide was sputtered onto the fused silica. It will be appreciated that 
this process may be adapted for use with other p-type dopants besides arsenic. 
[00123] Example 16 - Conversion of ZnS to ZnO with arsenic as a dopant . 
[00124] A thin film of p-type zinc sulfide was prepared in accordance with Example 15. The 
p-type ZnS was used as a precursor for preparing p-type ZnO. The ZnS thin film was placed in 
furnace containing oxygen to convert the ZnS into ZnO. The furnace temperature, atmosphere, 
and annealing time may be varied to control the extent of ZnS conversion. For instance, a p- 
type zinc oxysulfide semiconductor may be prepared by limiting the amount of oxygen in the 
atmosphere and preventing complete oxidation of the ZnS. In addition, the vapor pressure of 
the zinc, oxygen, and arsenic may be controlled to tailor the resulting dopant concentration in 
the semiconductor material. It will be appreciated that this process may be adapted for use with 
other p-type dopants besides arsenic. 

. [00125] Example 17 - Evaporative deposition of ZnO with arsenic as a dopant . 
[00126] A stable, p-type zinc oxide semiconductor material was prepared. Zinc metal, doped 
with 2 mole % arsenic, was deposited onto a fused silica substrate by thermal evaporation in an 
oxygen-rich atmosphere containing 20 mtorr argon and 10 mtorr oxygen at a temperature of 
about 430°C. During the deposition process, the zinc and/or arsenic was partially oxidized. 
The resulting As-doped ZnO thin film exhibited p-type characteristics. It had a Seebeck voltage 
of about positive 6 mV D.C. Increasing the oxygen pressure may result in a more complete 
formation of ZnO. While no further heating or annealing was performed in this example, 
additional heating or annealing may be desirable to control the level of zinc oxidation and/or 
optimize the electronic properties of the p-type semiconductor material. 
[00127] Example 18 - Deposition of zinc oxide with arsenic as dopant . 
[00128] A stable, p-type zinc oxide semiconductor material is prepared. Zinc arsenide is 
deposited onto a self-supporting substrate surface. The surface may be fused silica, silicon 
wafer, borosilicate glass, or similar self supporting substrate. The zinc arsenide may be Zn 3 As 25 
ZnAs2, or a mixture thereof. In one example, the zinc arsenide layer is deposited by thermal 
evaporation for a period of about 2-60 seconds, with a preferred period of about 14 seconds. 
In another embodiment, the zinc arsenide layer may is deposited by sputtering. In yet another 
embodiment, the zinc arsenide layer is deposited by CVD or MOCVD. 
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[00129] The zinc arsenide layer is thermally annealed in an atmosphere containing oxygen for 
sufficient time period to oxidize the zinc arsenide layer and form zinc oxide doped with arsenic. 
At a given annealing temperature, some quantity of arsenic and zinc may evaporate from the 
zinc arsenide. Such evaporation may be taken into consideration in determining the starting 
composition of the zinc arsenide. Similarly, under these annealing conditions, it may be 
desirable to introduce additional amounts of gaseous arsenic, zinc, or oxygen to inhibit 
evaporation of these elements from the zinc oxide film and to influence the final composition of 
the semiconductor material. 

[00130] Example 19 - Spin coating of arsenic-doped ZnO . 

[00131] A stable, p-type zinc oxide semiconductor material may be prepared by spin coating 
using arsenic as the dopant. Fused silica is used as the self supporting substrate. Zinc 2-4 
pentanedionate is used as the zinc source and arsenic HI ethoxide is used as the arsenic source. 
These compounds are dissolved in butanol which serves as a common solvent. This solution is 
spun onto a fused silica slide. 

[00132] After a layer is spun on the substrate, it is heated to about 600°C for about 10 minutes 
for pyrolysis of the organics. This procedure is repeated 5 or 6 times to get the desired film 
thickness. The substrate is annealed at about 700°C for 1 to 5 hours in a nitrogen atmosphere. 
Control of the partial pressures of all inorganic components is desirable for the desired doped 
zinc oxide composition, otherwise evaporation or one or more ingredients or formation of 
undesired compounds may occur. The oxygen can come from the atmosphere or can come 
from being part of the organic precursors. 
[00133] Example 20 - Spin coating of antimony-doped ZnO . 

[00134] A stable, p-type zinc oxide semiconductor material may be prepared by spin coating 
in accordance with the method of Example 19, except that antimony is used as the dopant 
instead of arsenic. Antimony chloride (SbC^) is used as the antimony source. 
[00135] Example 21 - Spin coating of p-type ZnS . 

[00136] A stable, p-type zinc sulfide semiconductor material may be prepared by spin coating 
in accordance with the spin coating methods described above, except that a sulfiir-containing 
organic compound is used in combination with the zinc compound and the selected p-type 
dopant compound. Sulfur can be engineered into organic compounds compatible with the spin 
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coating. An example of a possible organic sulfur compound that may be used in the spin 
coating is 8-(p-sulfophenyl) theophylline, which is soluble in methanol and ethanol. In such 
cases, one may control the oxygen and sulfur partial pressures to obtain the desired p-type ZnS. 
For example, if oxygen is present, then a zinc oxysulfide compound may be prepared. The 
partial pressures of any component in the atmosphere can be determined experimentally or they 
can be calculated from thermodynamic data. 
[00137] Example 22 - MOCVD of p-tvpe ZnO . 

[00138] A stable, p-type zinc oxide semiconductor material may be prepared by metal organic 
chemical vapor deposition (MOCVD) using arsenic, antimony, or other p-type dopant. A 
typical MOCVD process is described above. 
[00139] Example 23 - MOCVD of zinc sulfide . 

[00140] A stable, p-type zinc sulfide semiconductor material may be prepared by MOCVD in 
accordance with the method of Example 22, except that a sulfur-containing organic compound 
is used in combination with the zinc compound and the selected p-type dopant compound. 
Sulfur can be engineered into organic compounds compatible with the MOCVD. In such cases, 
it is important to control the oxygen and sulfur partial pressures to obtain the desired p-type 
ZnS material. For example, if oxygen is present, then a zinc oxysulfide compound may be 
prepared. 

[00141] Example 24 - Bulk preparation of copper-doped ZnO . 

[00142] A stable, p-type zinc oxide semiconductor material was prepared using copper as the 
dopant. The copper-doped zinc oxide p-type semiconductor was prepared in bulk by mixing 
90% (atomic percent) zinc oxide and 10% (atomic percent) copper oxide powder and heating 
the mixture in a furnace. A Seebeck measurement of the resulting bulk material was made to 
confirm that the material was a p-type semiconductor. It had a Seebeck voltage in the range 
from about positive 40 mV D.C. to about 90 mV D.C. The electrical resistance of the resulting 
material was about 600 Kohms/square to 900 Kohms/square. This compound was not 
optimized. It is believed that smaller amounts of copper oxide may provide better results. 
[00143] Example 25 - Fabrication of zinc oxide p/n junction . 

[00144] A zinc oxide p/n junction 50 was fabricated as shown schematically in Figure 9. A 
thin film of p-type zinc oxide 52 was deposited onto a self supporting silicon wafer substrate by 
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RF sputtering in accordance with Example 4. In Example 4, a thin film of Zn 3 As2 56 was first 
deposited onto the silicon wafer 54 and the p-type zinc oxide 52 was sputtered on top of the 
zinc arsenide 56. A thin film of n-type zinc oxide was sputtered on top of the p-type zinc oxide 
at about 300°C. The sputtering target included ZnO (99.925 mole %) and Ga 2 0 3 (0.075 mole 
%) that had been mixed, sintered, and annealed at about 1 100°C. The sputtering step occurred 
at a temperature of about 350°C. The sputtering atmosphere included argon at a gas pressure of 
about 4 to 20 mtorr. About 10% hydrogen gas may alternatively be included in the sputtering 
atmosphere to produce n-type ZnO. 

[00145] A positive electrode 60 and a negative electrode 62 were attached to the p/n junction 
50 as shown in Figure 9. Current vs. voltage was measured and shown in the rectification 
graph of Figure 11. A luminescent emission at room temperature was briefly observed before 
the p/n junction failed. Failure occurred because the electrical resistance dropped too quickly 
allowing excessive current to overpower the p/n junction. A graph of the measured emission 
spectrum is shown in Figure 10. Because of the short duration of the light emission, it was not 
possible to obtain a detailed measurement of the spectrum. 

[00146] Semiconductor heterostructures may be fabricated based upon p/n junction described 
above. These devices may be prepared by depositing multiple layers of p-type and n-type group 
II-VI semiconductors. Such heterostructures may be fabricated using matching or compatible 
group II-VI crystals. Examples of two possible semiconductor heterostructure devices are 
illustrated in Figures 12 and 13. It will be appreciated that the illustrated devices are given by 
way of example and not limitation. Persons skilled in the art will recognize that a numerous 
variations of these devices are possible. 

[00147] The device shown in Figure 12 includes a self supporting substrate 62. The substrate 
may be a known crystalline substrate or it may be a low cost substrate including, but not limited 
to, silicon wafers, polycrystalline alumina, and amorphous self supporting substrate surfaces 
like fused silica. A layer of n-type zinc oxide 64 doped with an n-type dopant, such as gallium, 
is deposited on the substrate 62. The n-type zinc oxide layer 64 may be about 0.4 |im thick. 
The device may include additional n-type zinc oxide layers 66, 68, comprising magnesium and 
cadmium alloys. For example, layer 66 may have a composition of Mg.15Zn.s5O doped with 
gallium, and it may have a thickness of about 0.15 |im. Layer 68 may have a composition of 
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Cd.06Zn.94O doped with gallium, and it may have a thickness of about 0.05 fim. The thin 
cadmium zinc oxide alloy layer 68 is the active region wherein light generation occurs. 
Deposited on top of the active region layer 68 are one or more p-type zinc layers 70, 72. Layer 
70 may have a composition of Mg.15Zn.g5O doped with arsenic, and it may have a thickness of 
about 0.15 ^im. Layer 72 may be p-type zinc oxide doped with a p-type dopant, such as arsenic. 
[00148] It will be appreciated by persons having ordinary skill in the art that actual 
composition of the n-type and p-type zinc oxide layers may vary. Similarly the concentration of 
magnesium and cadmium in the zinc oxide alloys may vary. 

[00149] Figure 13 illustrates a device substantially identical to the device of Figure 12, except 
that there is no separate active region. 

[00150] Single or multiple quantum well (MQW) heterostructures may be fabricated to 
render the p/n junction more efficient. A single quantum well is made of two alternating 
semiconductor materials. One layer is a barrier layer defined by a higher band gap than the 
second layer. The second layer's band gap defines the bottom of the quantum well. For 
example, MgO may be alloyed with ZnO to form the barrier layer, and the undoped ZnO will 
define the bottom of the well. This produces a more efficient device and raises the band edge. 
Conversely, CdO may be alloyed with ZnO to define the bottom layer of the quantum well, and 
the undoped ZnO defines the barrier layer. This produces a more efficient device and lowers 
the band edge. 

[00151] An additional advantage of a quantum well is that the layers can be mechanically 
strained to raise or lower the band edge. Mechanical strain may exist if the two layers have 
slightly different crystal lattice constants. For most zinc oxide materials the band edge is 
around 390 nm, but some of the zinc oxide semiconductor materials fabricated in accordance 
with the present invention had a band edge of about 370 nm. 

[00152] The number of quantum wells may vary. Good results may be obtained with just 
one quantum well. Typically the number of quantum wells may range from about 1 to 10, and 
more preferably from about 3 to 7 quantum wells. The total thickness of the quantum well 
alternating layers must in the vicinity of, or less than, the electron de Broglie wavelength (100 
A). These heterostructures may be fabricated through a chemical deposition process, including 
but not limited to those described above, such as sputtering, CVD, MOCVD, etc. 
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[00153] For example, one possible MQW configuration for use in connection with zinc oxide 
semiconductor structure may include alternating layers of ZnO (20 A - 100 A) and Cd x Zni_ x O 
(10 A - 25 A). The cadmium content may be varied. The amount of cadmium in the cadmium 
zinc oxide alloy may vary depending on the desired shifting of the band gap. In one illustrative 
embodiment, the cadmium content may range from about 1 to 20 mole %, and more typically 
about 10 mole %. The cadmium zinc oxide alloy may be replaced with a magnesium zinc 
oxide alloy of the general formula Mg x Zni_ x O. 

[00154] Figure 14A is a schematic representation of a typical state of the art GaN-based 
semiconductor device 80 containing MQWs 82. It will be appreciated that GaN devices are 
complicated to manufacture because of the expensive sapphire or SiC substrate 84 and multiple 
layers 86, 88 required to match the crystal lattice of GaN and the substrate. In contrast, Figure 
14B is a schematic representation of a zinc oxide based semiconductor device 90 containing 
MQWs 92. Because single crystal zinc oxide 94 may be deposited directly on a low-cost 
substrate 96, such as fused silica or a silicon wafer, the zinc oxide based semiconductor device 
fabricated within the scope of the present invention represents a substantial improvement over 
conventional GaN-based semiconductor devices. 

[00155] Figure 15A is a schematic representation of one possible zinc oxide based 
semiconductor device 100 fabricated with MQWs. Three quantum wells are shown containing 
alternating layers of undoped ZnO 102 (20 A - 100 A) and Cd 2 Zn 8 0 104 (10 A - 25 A). The 
cadmium content may be varied. The amount of cadmium in the cadmium zinc oxide alloy 104 
may vary depending on the desired shifting of the band gap. The cadmium content preferably 
ranges from about 1 to 20 mole %, and more typically about 10 mole %. 
[00156] The semiconductor device 100 includes a layer of n-type zinc oxide 106, 
approximately 2 |im thick, doped with an n-type dopant, such as Ga or Al, deposited on a self 
supporting substrate 108. A layer of p-type zinc oxide 110, approximately 2 jam thick, doped 
with a p-type dopant, such as arsenic, may be deposited on top of the MQWs, layers 102, 104. 
A layer of p-type zinc oxide 1 12, approximately 5 ^m thick, doped with a p-type dopant, such 
as arsenic, may be deposited on top of layer 110. 

[00157] Figure 15B is a schematic representation of a zinc oxide based semiconductor device 
120 similar to that of Figure 15A except that the quantum wells include a magnesium zinc 
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oxide alloy instead of a cadmium zinc oxide alloy. The alternating layers of magnesium zinc 
oxide alloy 124 may have the formula Mg.iZn 9 0 (10 A - 25 A). The magnesium content may 
be varied. The amount of magnesium the magnesium zinc oxide alloy 124 may vary depending 
on the desired shifting of the band gap. The magnesium content preferably ranges from about 1 
to 20 mole %, and more typically about 10 mole %. 

[00158] Figure 16A is a schematic representation of one possible zinc oxide based 
semiconductor device fabricated with a single quantum well having a composition substantially 
the same as the device shown in Figure 15 A. As mentioned above, the number of quantum 
wells can vary, just as the composition of the quantum well layers and the p-type and n-type 
semiconductor material used in the device. 

[00159] Figure 16B is a schematic representation of a zinc oxide based semiconductor device 
similar to that of Figure 16A except that the quantum well includes a magnesium zinc oxide 
alloy instead of a cadmium zinc oxide alloy. 

[00160] It will be appreciated that the present invention provides methods for fabricating 
group II-VI semiconductor devices. The fabrication methods are commercially viable. The 
resulting semiconductor materials exhibit good electronic and physical properties. 
[00161] The present invention may be embodied in other specific forms without departing 
from its structures, methods, or other essential characteristics as broadly described herein and 
claimed hereinafter. The described embodiments are to be considered in all respects only as 
illustrative, and not restrictive. The scope of the invention is, therefore, indicated by the 
appended claims, rather than by the foregoing description. All changes that come within the 
meaning and range of equivalency of the claims are to be embraced within their scope. 
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